Cerebral cortical neurons arise from radial glia (direct neurogenesis) or from intermediate progenitors (indirect neurogenesis); intriguingly, the sizes of intermediate progenitor populations and the cortices they generate correlate across species. The generation of intermediate progenitors is regulated by the transcription factor Tbr2, whose expression marks these cells. We investigated how this mechanism might be controlled. We found that acute blockade of mature microRNA biosynthesis in murine cortical progenitors caused a rapid cell autonomous increase in numbers of Tbr2-expressing cells. Acute microRNA-92b (miR-92b) gain of function caused rapid reductions in numbers of Tbr2-expressing cells and proliferating intermediate progenitors. Acute miR-92b loss of function had opposite effects. These findings indicate that miR-92b limits the production of intermediate cortical progenitors.
Cerebral cortical neurons arise from radial glia (direct neurogenesis) or from intermediate progenitors (indirect neurogenesis); intriguingly, the sizes of intermediate progenitor populations and the cortices they generate correlate across species. The generation of intermediate progenitors is regulated by the transcription factor Tbr2, whose expression marks these cells. We investigated how this mechanism might be controlled. We found that acute blockade of mature microRNA biosynthesis in murine cortical progenitors caused a rapid cell autonomous increase in numbers of Tbr2-expressing cells. Acute microRNA-92b (miR-92b) gain of function caused rapid reductions in numbers of Tbr2-expressing cells and proliferating intermediate progenitors. Acute miR-92b loss of function had opposite effects. These findings indicate that miR-92b limits the production of intermediate cortical progenitors.
cortical development | microRNAs T he excitatory neurons of the cerebral cortex are generated from radial glia whose cell bodies populate the ventricular zone (VZ) around the inner surface of the developing anterior end of the neural tube (1) (2) (3) . Radial glia divide either symmetrically, producing two new radial glial cells and expanding the proliferative population, or asymmetrically to generate a new radial glial cell and either a postmitotic neuron (direct neurogenesis) or a secondary (intermediate) progenitor. Whereas postmitotic neurons migrate to the outer surface of the neural tube to contribute to the cortex, intermediate progenitors move into the subventricular zone (SVZ), where they amplify the production of neurons by undergoing a further, usually symmetric, division to generate a pair of postmitotic cortical neurons (indirect neurogenesis) (4) (5) (6) . In the mouse, these events occur between embryonic days 11 (E11) and E17 (7) (8) (9) . The transition from radial glia to intermediate progenitors is controlled by a number of proteins; of these, only Tbr2 (also known as Eomesodermin) has been shown to have a direct effect on the specification of the intermediate progenitors (10) (11) (12) .
MicroRNAs (miRNAs) are a class of short noncoding RNA molecules involved in posttranscriptional regulation of protein expression. As a class, they have been implicated in corticogenesis, most notably in cortical cell survival, but little is known about the functions of miRNAs in general, let alone those of specific miRNAs, in the regulation of cortical progenitors (13) (14) (15) (16) . Here, we investigated the possibility that miRNAs contribute to the regulation of indirect neurogenesis.
We first examined possible cell autonomous functions of miRNAs in general by generating acute cortical ablations of the key enzyme involved in the biosynthesis of most miRNAs, Dicer, in relatively small numbers of radial glia by electroporating a crerecombinase expression vector into mouse embryos that were homozygous for the Dicer1 fl allele (17) . Acute mosaic ablation of Dicer cell autonomously promoted Tbr2-positive progenitor production. Then, based on an in silico prediction that one particular miRNA, miR-92b, might target the 3′UTR of Tbr2, we used acute gain-and loss-of-function approaches to show that this miRNA does indeed contribute to the regulation of intermediate progenitor cells.
Results
Rapid Expansion of the Tbr2-Expressing Progenitor Population After Dicer Loss. miRNAs act on many developmental processes, and their prolonged loss throughout an entire tissue is likely to induce many indirect, possibly cell nonautonomous, effects including loss of cell viability (13) (14) (15) . Our aim, therefore, was to examine cortical progenitors as soon as possible after they had been subject to acute mosaic depletion of miRNAs. We generated mosaic ablation of Dicer in a subset of radial glia in a consistent region of mouse lateral cortex by electroporating cre-recombinase expression vector (CAG-cre-IRES-EGFP) into E13.5 Dicer1 fl/fl or Dicer1
(control) embryos (Fig. 1A) . We assessed the efficiency of the electroporated cre-recombinase expression vector in ablating functional Dicer and reducing mature miRNA levels in Dicer1 fl/fl GFP + cortical cells (Fig. S1A) . Levels of Dicer1 mRNA, measured by quantitative RT-PCR (qRT-PCR) in GFP + cells sorted using FACS, were significantly reduced in these samples of Dicer1 fl/fl GFP + cells 1 d after electroporation (Fig. S1B) . As a further read-out of in vivo deletion, some dissociated cortical cells were plated and fixed immediately, and levels of miRNAs in Dicer1 fl/fl or Dicer1 +/fl cells were compared quantitatively by image analysis of locked nucleic acid in situ hybridizations (18) . This approach confirmed rapid and efficient depletion of miRNAs from almost all GFP + Dicer1 fl/fl cells ( Fig. S1 C-P). Previous studies reported that conditional Dicer deletion in mouse cortex causes rapid-onset large-scale apoptotic cell death (13) (14) (15) . Interestingly, however, double-immunolabeling of sections through E13.5 electroporated Dicer1 +/fl and Dicer1 fl/fl cortex at E15.5 and E18.5 for GFP and the apoptotic marker cleavedcaspase-3 revealed no evidence that the incidence of apoptosis was altered when functional Dicer was lost from small subpopulations of cortical progenitors (Fig. S2 A-E +/fl P14 electroporated cortices ( Fig. S2 F-I ). This difference indicates that loss of Dicer from a subpopulation of cortical progenitor cells did not result in increased cell-autonomous apoptotic cell death between E13.5 and P14, possibly due to rescue by surrounding WT cells. On the contrary, loss of Dicer caused a long-term increase in the output of affected progenitors.
We examined whether the loss of functional Dicer affects the neuronal output from progenitors. Dissociated cells from cortical areas containing electroporated cells from either Dicer1 fl/fl or Dicer1 +/fl embryos at E14.5, E15.5, and E16.5 ( Fig. 1A) were immunoreacted for GFP and HuC/D, a marker of early postmitotic neurons (Fig. 1B) . Quantification showed that 3 d after electroporation, significantly more Dicer1 −/− than control GFP + cells expressed HuC/D (Fig. 1C) . This increase in the proportion of early postmitotic neurons was preceded by an earlier phase during which fewer Dicer1 −/− than control GFP + cells were double-labeled for HuC/D (Fig. 1C) . One possible explanation for this is that, as Dicer1 levels fall, the progeny of the Sox2 + radial glia (Fig. 1D ) enter the indirect neurogenesis pathway at an increased rate and are specified as Tbr2
+ intermediate progenitors ( Fig. 1E) (10, 12, 19 ). An early increase in the specification of intermediate progenitors at the expense of neurons could lead to a later boost in neuronal production from the larger-than-normal intermediate progenitor pool, as shown by the diagram in Fig. 1F and in line with our observations on the postnatal effects of Dicer deletion ( Fig. S2 F-I) .
To test this, we quantified the proportions of cells that expressed Sox2 and Tbr2. Normal proportions of Dicer1 −/− GFP + cells expressed Sox2 at E14.5 and E15.5 ( Fig. 1G ), indicating no effect on the radial glial population, but the proportions of Dicer1 −/− GFP + cells expressing Tbr2 were increased (Fig. 1H ). The distributions of Tbr2-expressing Dicer1 −/− and control cells were compared by analyzing proportions of GFP and Tbr2 doublepositive cells in counting bins through the cortex (Fig. 1I ). This quantification showed increased Tbr2 expression among Dicer1 −/− GFP + cells in the abventricular portion of the VZ and lower part of the SVZ at E14.5 ( Fig. 1J ) and throughout the normal Tbr2 expression domain at E15.5 ( Fig. 1K ). These results are in excellent agreement with the proposed model (Fig. 1F ).
MiR-92b Overexpression Causes a Rapid Reduction of Intermediate
Progenitors. The model proposed in Fig. 1F suggests that miRNAs might be important for tuning the proportions of cells transiting from Tbr2
− radial glia to Tbr2 + intermediate progenitors. However, which miRNAs might be implicated and how might they work? Although the answers to these questions are likely to be complex, we based the next set of experiments on the supposition that, because Tbr2 expression not only marks intermediate progenitors but is implicated in controlling their numbers (10) (11) (12) , miRNAs targeting Tbr2 might be particularly good candidates. TargetScan (www. targetscan.org) and microRNA.org (www.microrna.org) predicted that about 200 miRNAs might bind Tbr2. From this list, we searched for any that were known to be expressed in cortical progenitors in a complementary pattern to Tbr2. Neural progenitor cells were known to express miR-92b and, although its physiological target was not known (20) (21) (22) , one publication highlighted it as an interesting candidate because its expression decreases as Tbr2 expression increases during development (20) . TargetScan (www.targetscan.org) and microRNA.org both predicted the presence of a single highly conserved site complementary to the seed region of miR-92b in the 3′UTR of the mouse Tbr2 mRNA between nucleotides 2707-2714 ( Fig. S3; Fig. 2C) . We tested the possible involvement of this miRNA in intermediate progenitor regulation. In situ hybridization staining for mature miR-92b was present throughout the cortex at E14.5 ( Fig. 2 A and B) but was not of uniform intensity. In the VZ, there were many hotspots of highintensity staining for miR-92b ( Fig. 1 A and B, arrows show examples). In these areas, cells were Tbr2 − (arrows in Fig. 2 B-B″), whereas cells that were Tbr2 + tended to be located between the hotspots. In the SVZ, there were fewer and smaller miR-92b hotspots, and this corresponded with higher densities of Tbr2 + cells (although, as in the VZ, cells at the hotspots were generally Tbr2
− , e.g., see top of Fig. 2B″ ). This pattern suggests that there is a negative relationship between miR-92b expression and Tbr2 expression in areas of the proliferative zone where miR-92b concentration is above a certain level.
We generated a miR-92b overexpression vector (GFP-miR-92b) by cloning the genomic sequence containing the pre-miR-92b stem loop sequence downstream of a stop codon in a GFP expression vector (Fig. 2C) . The GFP expression vector lacking the premiR92b stem loop was used as a control (Fig. 2D) . Overexpression of miR-92b in HEK-293 cells reduced Renilla luciferase reporter activity when the reporter sequence was joined to the full-length WT 3′UTR of Tbr2 (construct WT 3′UTR) but not when the response element between nucleotides 2707-2714 of the full-length Tbr2 3′UTR was deleted using site-directed mutagenesis (construct MT 3′UTR; Fig. 2D; Fig. S4 ).
The ability of miR-92b to regulate the expression of Tbr2 in vivo was assessed by electroporating the GFP-miR-92b vector in utero into the cortex of WT E13.5 embryos. Overexpression was confirmed at E14.5 by qRT-PCR using RNA extracted from GFP + cells isolated by FACS (Fig. 2 E and F) . Electroporation of this miR-92b overexpression vector resulted, within a day, in fewer GFP + cells that were double-positive for Tbr2 than electroporation of control GFP-only vector (Fig. 2 G and H ; compare black and blue bars in K). This phenotype was rescued when GFP-miR-92b was coelectroporated with the WT-3′UTR vector (Fig. 2D) , which expresses the WT 3′UTR of Tbr2 to act as a competitor with the endogenous 3′UTR ( Fig. 2I; orange bar in K) . Conversely, the MT-3′UTR vector (Fig. 2D) expressing the 3′UTR of Tbr2 mRNA lacking the miR-92b putative binding site failed to rescue the phenotype ( Fig. 2J; green bar in K) . Analysis of the laminar distribution of GFP +
/Tbr2
+ double-positive cells revealed that the reduction in the number of Tbr2
+ cells at E14.5 after miR-92b overexpression was greatest in the abventricular portion of the VZ and lower SVZ (counting boxes 2 and 3 in Fig. 2 L and M) .
To examine the effect of miR-92b on the proliferation of cortical progenitors, we electroporated WT E13.5 embryos with either the GFP-miR-92b overexpression vector or the GFP control vector (Fig. 3A) . The embryos were exposed to BrdU for 1 h on E15.5 to label cells in S-phase (Fig. 3 A-C′) . The result of overexpression of miR-92b was to significantly reduce by about 30% the overall proportion of GFP + cells that incorporated BrdU (Fig. 3D) , as a consequence of reductions specifically in the SVZ and not in other layers (Fig. 3E) . Overexpression also caused an increase in the relative proportion of GFP + cells (most of which did not contain BrdU) in the intermediate zone (Fig.  3F) , suggesting that the decrease in the proliferative population in the SVZ was accompanied by a corresponding increase in the exit of cells from the proliferative zones toward the cortical plate. Our data strongly suggest that miR-92b contributes to the regulation of neuronal output from the radial glia, by controlling the balance between the intermediate progenitor and the postmitotic states (see schematic in Fig. 3G ).
MiR-92b Inhibition Causes a Rapid Increase in Tbr2-Expressing Cells.
We used two approaches to test whether endogenous miR-92b can limit the numbers of Tbr2 + cells in vivo. First, we coelectroporated the GFP and WT-3′UTR vectors (Fig. 2D) at E13.5, because competition between WT-3′UTR and the endogenous binding site in the 3′UTR of Tbr2 mRNA should lower the levels, and hence the function, of miR-92b at the endogenous site. This manipulation resulted in an increased proportion of cells expressing GFP and Tbr2 compared with cells electroporated only with the GFP expression vector by E14.5 ( Fig. 2 K and M, purple bar and line). Conversely, the MT 3′UTR vector (Fig. 2D) lacking the miR-92b binding site did not produce the same effect (Fig. 2 K and M, red bar and line) . Second, we used a miRNA sponge (SI Materials and Methods) designed to outcompete endogenous transcripts binding to miR-92b (Fig. 4 A   and B) . Vectors containing the miR-92b sponge or scrambled control were electroporated at E13.5, and cortices were collected at E16.5. Higher proportions of GFP + cells expressed Tbr2 in the proliferative zones following electroporation with the miR-92b sponge (Fig. 4 D-D″ and E) rather than with scrambled control sponge (Fig. 4 C-C″ and E) . Densities of GFP −
/Tbr2
+ cells were no different between control and experimental groups, indicating that the effect of miR-92b inhibition on the generation of Tbr2 + cells was cell autonomous (Fig. 4F ). There were no differences in the proportions of GFP + cells that expressed Pax6, a marker of radial glial cells, in agreement with the effects being specifically on the intermediate progenitor population (Fig. 4 G-I) . Our findings indicate that miR-92b is an important physiological inhibitor of the generation of Tbr2-expressing intermediate cortical progenitor cells.
We predicted that increased generation of Tbr2 + cells induced by the miR-92b sponge might translate into an increased output of cortical plate cells, as occurred following Dicer deletion (Fig.  S2 F-I) . Indeed, we observed that proportions of GFP + cells in the cortical plate 3 d after electroporation were higher with the miR-92b sponge (Fig. 4 K-K″′ and L) than the scrambled control (Fig. 4 J-J″′ and L ) . A previous study showed that Tbr2 gain of function in cortical progenitors at the onset of corticogenesis increased the proportions of their descendants fated to the superficial cortical layers and decreased the proportions fated to deep layers (12) . We tested for a similar trend following longterm inhibition of miR-92b by injecting E12.5 WT embryos with retroviruses expressing GFP and the miR-92b sponge or, as controls, with retroviruses expressing GFP and the scrambled sponge. Animals were allowed to develop to P14, and we quantified the positions of the neurons in the resulting clones. Similar to the previous report (12), we found that about 30% of labeled neurons in controls were in superficial layers (I-III), with about 70% in deep layers (IV-VI; Fig. S5 ). Infection with the miR-92b sponge-expressing retrovirus resulted in significant increases in the proportions of labeled neurons in superficial layers and corresponding decreases in the proportions in deep layers (Fig. S5) . These changes are consistent with our hypothesis that inhibition of miR-92b results in increased specification of Tbr2
+ intermediate progenitor cells and with the proposed role of Tbr2 in superficial layer neurogenesis (10, 12) .
Discussion
During normal corticogenesis, most cells expressing the transcription factor Tbr2 are located in the SVZ, where intermediate cortical progenitors reside. It is also expressed by some cells in the VZ, thought to be the daughters of asymmetric divisions of radial glia. Previous studies investigating the role of Tbr2 in cortical development suggested that, far from being simply a marker of the intermediate progenitor population, Tbr2 drives VZ cells toward an intermediate progenitor fate (10) (11) (12) . Tbr2 loss-of-function experiments have shown that Tbr2 is required for the generation of normal numbers of intermediate progenitors, whereas Tbr2 overexpression in radial glial progenitors causes the overproduction of intermediate progenitors and the cortical neurons that they generate (10) (11) (12) . It is likely, therefore, that mechanisms that regulate the levels of Tbr2 in cells newly generated by the radial glia will impact on the production of intermediate progenitors. Limiting Tbr2 levels among the progeny of the radial glia is likely to bias against intermediate progenitor production, whereas enhancing Tbr2 levels is likely to favor production. Our experiments suggest that one such mechanism might involve miR-92b.
In our histological work, we observed that hotspots containing the highest levels of miR-92b in the VZ coincided with areas where cells were Tbr2 negative, whereas regions with lower miR-92b levels were Tbr2 positive. These observations are compatible with the possibility that miR-92b is involved in controlling levels of Tbr2 in VZ cells. To test this hypothesis, we raised or lowered miR-92b levels experimentally. Our results showed that miRNAs, including miR-92b and possibly others, normally restrict cell autonomously the production of Tbr2 + intermediate cortical progenitor cells. Both acute depletion of miRNAs in general and up-or down-regulation of specifically miR-92b levels caused rapid-onset changes in the intermediate progenitor population. We suggest, therefore, that miR-92b is a significant component of a process determining the proportions of newly generated VZ cells entering the intermediate progenitor cell state as opposed to adopting other fates, for example reentering the radial glial cell cycle. Given that miR-92b appears able to target Tbr2 directly, a parsimonious hypothesis is that miR-92b's actions on intermediate progenitor cell numbers is mediated at least in part by its modulation of the levels of Tbr2 within newborn daughters of radial glia. Thus, in those newly generated cells in which such a mechanism keeps levels of Tbr2 mRNA below a critical threshold, entry into the intermediate progenitor state would be prevented or inhibited.
Although this proposal offers a straightforward way of drawing together several strands of evidence, it is likely that miR-92b also operates through other pathways. The mechanisms controlling cell states are complex and even more so where miRNAs are involved. Individual miRNAs probably have numerous targets. For example, TargetScan, which takes evolutionary conservation into account, lists about 700 predicted targets of miR-92b, although none of those that score higher than Tbr2 are implicated in the regulation of cortical intermediate progenitors. Other studies have shown, for example, that miR-92b targets mRNAs for p57 in mouse embryonic stem cells (23) and for Dickkopf-3 in neuroblastoma cells (24) and is likely to target a similar repertoire of transcripts as miR92a (25) . Furthermore, although the requirement for Tbr2 in promoting intermediate progenitor cell development is well established, ablation of Tbr2 may not cause complete loss of all intermediate progenitors (10, 12) , suggesting that other factors could promote their development. There is strong evidence that the intermediate progenitor pool size is affected by the function of Pax6, Cdc42, Tlx, Id4, Ccnd2, Lrp6, or Ngn2 (11, 26) , although some of these effects may be indirect.
Our bioinformatic searches predicted single binding sites to miR-92b in the 3′UTR elements of Cdc42, Id4, Pax6, and Ccnd2, although numbers of Pax6-expressing cells were not affected by miR-92b manipulation in our experiments. Overall, our work implicating miRNAs, and miR-92b in particular, in the development of intermediate progenitors should be seen as just one important element of a network of regulation that is likely to be complex.
Our findings are also potentially interesting from an evolutionary perspective. Recently, it has been proposed that the evolutionary expansion of the neocortex is due largely to expansion of the SVZ and its intermediate progenitor population, thereby amplifying the output of the radial glia by indirect neurogenesis (27) . The miR-92b response element in the 3′UTR of Tbr2 mRNA is conserved in mammalian species, as is most of the miR-92b sequence (Fig. S3) , making it likely that an interaction between miR-92b and the 3′UTR of Tbr2 mRNA is also conserved. There are, however, nucleotide differences between rodent and primate miR-92b, particularly in the unpaired regions of the hairpin (Fig. S3C ) that could affect the processing and stability of the premiRNA hairpin and hence the miRNA's function (28) . It is conceivable that these or other changes affecting miRNA function could have contributed to the evolution of the cerebral cortex.
Materials and Methods
Animals. Mice homozygous for Dicer1 fl allele were purchased from Jackson Laboratories. Rosa26R:YFP (R26RYFP) cre-reporter transgenic mice were described before (29) . For miRNA studies, WT C57BL/6J mice were used. In utero surgery was performed as previously described (30) . Anesthesia was maintained using inhaled isoflurane. Cre expression vector was injected at a concentration of 1.35 mg/mL. For coelectroporation, plasmids were injected at a concentration of 2.5 mg/mL. BrdU injections were performed i.p. into pregnant dams at 50 μg/g body weight. Pregnant females were killed by cervical dislocation, and embryos were dissected and decapitated. Tissues were fixed in 4% (wt/vol) paraformaldehyde (PFA) in PBS. Tissue was cryoprotected with 15% (wt/vol) sucrose before freezing in 15% (wt/vol) 
